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Concept of the work package 

 

The objective of WP2 is to generate and characterize (anti)ferroelectric solitons in perovskite oxide 
heterostructures (epitaxial thin films and superlattices). The strategy relies on the use and combination of 
different materials with distinct properties (ferroelectrics, antiferroelectrics, dielectrics, metal electrodes) to 
engineer the appearance of polar skyrmions through the rational exploitation of epitaxial strain and depolarizing 
fields (i.e. imperfect screening). The methodology combines the experimental growth and characterization of 
various systems with atomistic simulations that can (i) explore and predict which kinds of heterostructures and 
mechanical/electrical boundary conditions are appropriate for the formation of skyrmions, in order to guide 
experimental choices, and (ii) what are their structure and properties at the atomic scale, for direct comparison 
with experimental measurements.     

Over the last 30 years, first-principles calculations based on density functional theory (DFT) progressively 
emerged as a very powerful tool to explore and predict the properties of perovskite oxide heterostructures. In 
practice, their use remains however limited to relatively small length- and time-scales. In order to bypass this 
limitation, so-called second-principles methodologies have been introduced [1]. They involve the construction of 
effective atomistic models with parameters directly determined from first-principles and to be used in further 
Molecular Dynamics (MD) or Monte Carlo (MC) simulations. Proofs of concept have been reported and this 
methodology recently appeared particularly adapted for investigating polar skyrmions in PbTiO3/SrTiO3 
superlattices [2]. However, at this stage the construction of second-principles models remains a complex task 
relying on home-made tools so that transposing that to other materials remains challenging [1].  

In this project, we rely on the capabilities and further development of MULTIBINIT [3], a second-principles 
software recently initiated at ULiège and distributed within the ABINIT package (www.abinit.org). This software 
relies on the methodology initially proposed in Ref. [4] making use of a Taylor expansion of the Born-
Oppenheimer energy surface around a reference structure and intent to provide a global solution for the easy 
construction and use of second-principles effective atomic potentials for any kind of materials. However, 
MULTIBINIT is a software under development and its concrete use within the TSAR project still requires some 
further methodological developments.  

 

Summary 

 

The simulation Tasks of WP2 consist of the construction of second-principles effective potentials for a large set 
of ABO3 compounds (BaTiO3, PbTiO3, SrTiO3, CaTiO3, PbZrO3, …) and their use for studying various types of 
epitaxial thin films and superlattices.  Achieving this required realizing two consecutive methodological 
developments. 

1. Release of an updated more robust version of MULTIBINIT (on the ABINIT web site).  

Producing second-principles models according to the approach of Ref. [4] starts from the generation of all 
symmetry-adapted terms (SAT) and then requires together (i) to select the most relevant ones and (ii) to fit the 
related coefficients on a training set of first-principles data. Originally, this was implemented following the 
scheme proposed in Ref. [5]. This initial implementation was however often facing practical problems, hampering 
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the automatized construction of models for some systems. First, the rapidly growing number of anharmonic 
terms to be considered was limiting practical applications to very short-range anharmonic interactions. Second, 
most models generated through the process were unbound because Taylor expansions can easily show 
divergences. The first problem has been solved through a new algorithm that creates subsets of terms related to 
each generic atom to be treated sequentially or in parallel   during the fitting process. Then bounding the model 
was realized through a new procedure that identifies and adds automatically relevant higher-order even terms 
with coefficients that are positive to compensate the divergences but remains sufficiently small to avoid 
destroying the quality of the model.  

Thanks to these methodological improvements, the construction of models with MULTBINIT has been 
significantly improved and models have been successfully generated for a relevant set of perovskites, as 
promised in the work plan. Today, models are available for SrTiO3, PbTiO3, BaTiO3, CaTiO3, BaHfO3. A model is 
also under construction regarding antiferroelectric PbZrO3.  

A new release of MULTIBINIT including these improvements has been made accessible on the ABINIT website 
(www.abinit.org) last November and can be downloaded with the ABINIT package. A publication presenting 
in details the methodology, describing the present functionalities and including illustrative examples is in 
preparation. An on-line tutorial describing how to use MULTIBINIT concretely and construct a model step by 
step is also in preparation and will be made accessible on the ABINIT website. 

 

2. Python script SMM.py for superlattices (on the TSAR website).  

MULTIBINIT models make use of a reference unit cell and periodic boundary conditions. As such, they are well 
designed for bulk perovskites. For the treatment of superlattices, the reference unit cell is replaced by a supercell, 
combining the different materials, that is then again repeated periodically. We could rebuild a model for the 
superlattice under investigation but doing so would be time consuming (i.e. producing a new set of first-principles 
data on a big supercell hardly accessible to DFT) and would also require building a new model each time we 
change the period of the superlattice. To avoid that, a basic idea is to try deducing the model of the superlattice 
from the known models of the bulk materials that are combined. MULTIBINIT works with interatomic force 
constants in real space, including also a specific treatment of long-range dipolar interactions.  Estimating these 
for a superlattice knowing the bulk counterparts can be done at different levels of approximations. 

A first possibility is to follow the simple approach successfully used for PbTiO3/SrTiO3 superlattices in Ref. [6, 2]. 
In this, the force constants inside each layer are supposed to remain equivalent to those in the related bulk 
compounds while averaged values are used in the interface region.  Then, for the long-range Coulomb 
interactions, Born effective charges and optical dielectric constant can be rescaled according to what was 
recently proposed in Ref [7].  

The first version of a Python script (Superlattice Model Maker, SMM.py) implementing these original ideas has 
been written and has been made available on the TSAR web site. It consists of an external tool that reads the 
individual bulk models (in xml format) to be combined and then constructs a new model (in xml format) for the 
targeted superlattice, to be further used as a conventional model in MULTIBINIT.  

This follows a state-of-the-art treatment of similar systems in the literature but remains at a relatively crude level 
of approximations. It revealed successful for PbTiO3/SrTiO3 superlattices [6, 2] that combine two very similar 
compounds but might not be generic. In the process of developing this first tool, we figured out some possible 
improvements (i) for the treatment of the interface region (producing and using for instance there the DFT force-
constants of related 1/1 superlattices) or (ii) for including explicitly the misfit strain between the compounds 
under investigation. So, in the process of using this tool for addressing superlattices, we will continue improving 
it and produce new releases implementing progressively these additional ideas.  

 

 

http://www.abinit.org/
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